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Abstract: Hydrogen is currently viewed as a great alternative to fossil fuels for energetic purposes. In this work 
we will make a bibliographic study about one of the most promising and studied techniques for the hydrogen 
production: the photocatalytic process. Specifically, we will work with a zinc oxide (ZnO) photocatalyst and study 
its activity for the hydrogen production. Subsequently, we will study the effect that different kinds of cocatalyst has 
in the ZnO and its photocatalytic activity.
  
I. INTRODUCTION 
Since the beginning of the industrial revolution our 
development has been very dependent in our consumption of 
fossil fuels. This has led to an increase of the greenhouse gases 
concentration in the atmosphere (one of the main causes of 
climate change). Thus, is imperative finding renewable 
resources as clean as possible. 
Several green energies sources have been developed in the 
past decades. A few notable examples of these are wind, 
hydropower and solar energies. Hydrogen, although is not 
currently as used as the previous ones, it is view as a potential 
future energy resource and its production has steadily increase 
in the past years as reported in [1] by the IEA (International 
Energy Agency). The reasons for it is its high energy yield 
(141.8 kJ/g of heating value, which is more than 2.5 times 
higher than other hydrocarbons such as gasoline or diesel [2]), 
abundance (most common element of the universe) and 
storage capability (can be stored in gaseous or liquid forms and 
be distributed through pipelines). [3] 
Nevertheless, the use of hydrogen as an energy source has 
its drawbacks. Hydrogen in nature is always found combined 
with chemical bounds with other elements such as oxygen, 
carbon and nitrogen. This fact provokes the necessity to extract 
and separate the hydrogen from these substances in order to 
use it as a source of energy [4]. On the other hand, although 
hydrogen could be seen as a harmless energetic resource the 
reality is that right now as reported in [1] by IEA is mainly 
produced from fossils fuels. Is for that reason, that the desire 
for greener alternatives has inspire the pursuit for new 
techniques. Solar photocatalytic application is perceived as 
reported in [5] as one of the most promising green alternatives 
for hydrogen production and therefore will be the subject of 
our study. 
This process is characterized by the use of photocatalysts, 
let’s introduce them now and see its function. First of all, a 
catalytic process is when a substance call catalyst alters the 
rate of a chemical reaction, without being consumed or 
destroyed at the end of the reaction, by reducing the activation 
energy. Therefore, a photocatalytic process will be a light-
induced reaction where its pace is accelerated by a substance 
called photocatalyst. The photocatalysts then, will be used to 
enhanced the hydrogen production rate through a light driven 
reaction. [6] 
The photocatalytic processes can be classified as 
homogeneous or heterogeneous. This classification will 
depend on whether the photocatalyst occupy the same phase 
than the reaction mixture or if the photocatalyst occupy a 
different one. In the first case we will have a homogeneous 
photocatalytic process whilst in the second one it will be 
heterogeneous. These last photocatalysts have gain more 
attention due to their several advantages over the 
homogeneous. No waste disposal problem or low cost of 
production are examples of it. Another important distinction 
between these two processes is the catalyst used, while 
homogeneous photocatalysts are usually transition metal 
complexes like copper or chromium the heterogeneous 
photocatalysts will be mostly semiconductors. [6] 
These materials have as its main characteristic their low 
band gap (about a few electronvolts). More specifically the 
semiconductors used for the photocatalytic process are the 
metal oxide semiconductors which are characterized by its 
great capacity at absorbing UV light. UV light though is only 
3-4% of solar energy which require us the need to narrow the 
band gap through doping in order to produce visible light-
induced photocatalysis. [7] 
The performance of semiconductors as photocatalysts can 
be enhanced through the effect of doping agents. The roles of 
these elements are diverse examples of them are the 
modification of the band gap, shifting the absorption range 
towards the visible and electron trapping. [6]  
There are multiple dopants that we can use for study. Let’s 
do a short brief about some of them.  
Transitional metals such as Chromium (Cr), Cobalt (Co) 
and Palladium (Pd) are characterized for having an incomplete 
d sub-shell. Within this group we found the noble metals. 
These elements as reported in [8] usually more active and 
selective when comparing with non-noble metals are 
characterized for having an outstanding resistance to oxidation 
even at high temperatures. It’s main problem though is its 
scarcity and high cost which prevents the industrialization of 
the photocatalytic production.    
Rare earth materials have just attracted the attention of 
researches such as in [9] for its photocatalytic performance 
when acting as a cocatalysts. The unique characteristic of these 
elements is having the 4f orbital incomplete. Cerium (Ce), 
Lanthanum (La) and Europium (Eu) are a few examples of 
these elements. 
Other cocatalysts that are gaining lots of attention recently 
as seen in [10] is the transition metal carbides. These materials 
formed by incorporating carbon atoms into the intersitial sites 
of transition metals provoke an enhanced photocatalytic 
activity. Examples of them are Molybdenum carbide (Mo2C) 
and Tungsten carbide (Tu2C). 
Now, having done all the necessary introduction for the 
appropriate understanding of the heterogeneous 
photocatalysis, we can describe the purpose of our work. At it 
we will study in detail the photocatalytic process for hydrogen 
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production as well as the main factors that we have to take in 
consideration in order to improve it. We will also study the 
photocatalytic performance of ZnO semiconductors and 
analyse the effect that cocatalysts have in the photocatalytic 
activity. We will do it for the different kinds of dopants that 
we have previously introduced.   
II. PHOTOCATALYTIC PROCESS 
As we have said before, we can define photocatalysis as 
the chemical reaction that occurs by photoirradiation in the 
presence of substances called photocatalysts. The fundamental 
steps in a photocatalytic process are as follows:  
First, there is irradiation of light with energy equivalent or 
greater than the bandgap of our photocatalyst. This causes the 
excitation of the valence band electrons producing the 
movement of electrons to the conduction band. As a result, an 
electron hole pair is created [6]. Once excitation occurs the fate 
of the separated electron and hole can follow different paths.  
The first of which is electron-hole recombination. This can 
happen either in the bulk or in the surface of our photocatalyst. 
Electron-hole recombination is undesirable and higher volume 
of it led to an inefficient photocatalysis.  
In case there is no recombination migration of the 
photogenerated electrons to the surface of our photocatalyst 
lead to reduction of an electron acceptor. On the other hand, 
migration of the photogenerated holes to the surface of our 
photocatalyst lead to oxidation of an electron donor. These two 
reactions constitute the process of photocatalysis. [11]  
Before going into more detail about the electron-hole 
recombination problem we should take into consideration 
another aspect that influences the photocatalytic activity which 
is the structure of the photocatalyst in play. When the size of 
the photocatalyst is small a huge number of atoms are 
accumulated on its surface. This enhances the number of active 
sites and interfacial charge carrier transfers rates thereby 
achieving as reported in [12] higher catalytic activities. Adding 
this to the fact that redox reactions mainly take place on the 
surface of the photocatalysts, micro or nanostructures will be 
the most efficient for the photocatalytic process [6].  
As we have said before the major problem of this process 
is the recombination of electron-hole pairs which gives us no 
net chemical reaction. Hence in order to improve the 
performance of our photocatalytic process we should enhance 
the electron-hole separation. One method of achieving this is 
using a sacrificial agent (in our case will be ethanol, but can 
also be another organic compounds). Ethanol is used among 
other reasons for its relatively high hydrogen content, 
availability and non-toxicity.   [3] 
This organic compound will be oxidized by the 
photogenerated valence band holes permitting the reduction of 
water to hydrogen by the photogenerated electrons in the 
conduction band. The sacrificial agent will act in a irreversibly 
way with the photogenerated holes and thus strengthen the 
electron hole separation. This process known as steam 
reforming is represented by the following stoichiometric 
equation considering ethanol as the sacrificial agent: [13,14]  
  
𝐶 𝐻 𝑂𝐻 + 3𝐻 𝑂 → 2𝐶𝑂 + 6𝐻  
 
The ethanol steam reforming (ESR) though has its 
drawbacks. These provoke the slowdown of our reaction and 
as a consequence the deterioration of the H2 production. The 
most important ones of which are carbon deposition and 
sintering. Sintering is a process consisting in the 
agglomeration of the dopant elements on the surface of our 
photocatalysts producing a decline on the number of surface 
activities driving to catalyst deactivation. Meanwhile carbon 
deposition consists in the growth of a carbon thin film on the 
surface of the photocatalysts. The production of this film is 
closely associated as reported in [8] with the nature of the 
selected photocatalyst and also with the reaction conditions 
such as temperature or residence time. However there still no 
consensus on the detailed reaction pathways that lead to the 
carbon formation and less yield of the hydrogen production. In 
the same way carbon deposition is governed by different kinds 
of reactions at different temperatures provoking atypical 
performance. Therefore, an advanced knowledge of ESR 
mechanism is fundamental for major improvements of the 
photocatalytic process [13, 14].      
III. ZNO 
Many metal oxides semiconductors have been studied for 
photocatalytic usage. Out of all ZnO is one of the most used 
for photocatalytic applications due to its widely reported, as in 
[15], great photocatalytic activity and therefore, it will be a 
focus of our study.  
ZnO is a semiconductor with a direct band gap width of 
3.37 eV and deep violet/borderline ultraviolet (UV) absorption 
at room temperature. It also possesses strong oxidation 
capability, is non-toxic, insoluble in water and has a low-cost 
production than similar photocatalysts. On the other hand, has 
the same constrains as most oxide semiconductors: rapid 
recombination of the electron-hole pairs and absorption in the 
UV range of the spectrum due to its large band gap [16].  
Doping has therefore been adopted to modify the 
properties of ZnO by incorporating impurities. There are a 
large number of dopants that have been studied for improving 
the photocatalytic. Let’s review some of them.    
A. Cerium 
Cerium is a rare earth material that has received lots of 
attention for its performance such in [17], when acting as a 
cocatalyst produces an evident improvement of the ZnO 
photocatalytic activity.  
When we dope cerium into a ZnO catalyst the doping Ce4+ 
ions are incorporated into the ZnO lattice substituting the Zn2+ 
ion sites. Consequently, as reported by Anandan et al. [18] the 
electrical neutrality of the crystal will impose the creation of 
certain impurities. The incorporation of Ce into ZnO then, 
forms discrete energy levels (impurity states) between the 
conduction and the valence band. These new energy levels can 
mostly be related to oxygen vacancies, intersitional elements 
(either oxygen or zinc) or trap states of the cocatalyst. Oxygen 
vacancies act as electron accepters to trap electrons and 
interstitial elements and trap states act as trappers for holes 
both of which prevent the recombination of photogenerated 
electrons and holes. This will allow new energetic transitions 
inducing visible-light absorption as a result. These energy 
levels are called as sub-band gap in which transitions requires 
less energy than for usual valence conduction band transition.  
Although Ce-doped ZnO photocatalysts were able to 
absorb visible light its photocatalytic activity as reported in 
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[17], [18] was limited even if we consider the small 
photocatalytic activity due to trapping of excited electrons by 
Ce+4 or the enhancement of this activity due to the reduction 
of Ce-doped ZnO nanostructures as reported in [19] (which 
provokes an increase in the surface area and therefore of the 
photocatalytic activity as doping increases). This limited 
photocatalytic activity is presented in [18] as due to the low 
reduction power of electrons in impurity levels and that 
impurity states may act as recombination centres of the charge 
carriers. Furthermore, as detailed in [18] the band gap of our 
ZnO will not change and thus, the photocatalytic activity of 
visible-light is not improved in this way. Then, another 
approach is needed in order to improve the photocatalytic 
performance.     
What we could do is as reported for Anandan et al. [18] and 
Ahmad et al. [20] introduce a co-dopant in the first case this 
will be Cu2+ whilst in the second will be Y3+.  
Both co-dopants will produce a synergetic effect between 
them. Therefore, as reported in [20] the trap and release of 
charge carriers because of the effect of both dopants will 
inhibit the recombination rate of electron and holes and fasten 
the photocatalytic reaction. As a result, either in [18] or [20] 
the photocatalytic activity is highly improved.  
The improvement of the photocatalytic process obviously 
will also be related to the dopant concentration. At first it 
increases with it and then it declines. Therefore, there will be 
an optimum dopants concentration value for the photocatalytic 
performance. Reported by Anandan et al. in [18] this value is 
about Cu0.001Ce0.1Zn0.9O and Y0.05Ce0.03Zn0.92O in [19] as 
published by Ahmad et al. 
This enhanced photocatalytic activity as reported in [20] 
will provoke a higher hydrogen rate production. Therefore, we 
will have 0,36 mmol·h-1g-1 produced for the pure ZnO catalyst. 
This production rate though will increase until                          
2,57 mmol·h-1·g-1 for the 3% mol Ce-doped ZnO and will 
reach its peak of 10,6 mmol·h-1·g-1 for Y0.05Ce0.03Zn0.92O as 
mentioned before. Hence, we will observe a great 
improvement of the hydrogen production which indicates that 
Ce-doped ZnO photocatalysts are suitable for an enhancement 
of the H2 production (especially when they are combined with 
another dopant). 
B. Copper 
Copper for its part is instead a transition metal that has also 
gained a great attention to produce highly active ZnO visible-
light photocatalysts for its reported activity as in [21]. 
In the same way that in the case of cerium doping the Cu2+ 
ions will be incorporated into the ZnO structure. The Cu2+ 
dopants can be easily substituted to Zn2+ sites without any 
significant distortion in the lattice structure due to the 
similarity between the effective ionic radiuses [21]. 
It is found, that as reported for Jongnavakit et al. [22], the 
doping of ZnO photocatalysts with Cu ions hinders the growth 
of the ZnO particles. In fact, the size of our catalyst will 
become smaller as we increase the Cu concentration. The 
production of smaller size particles will favour the 
photocatalytic activity due to the higher effective surface of 
our photocatalysts.  
The doping of Cu into ZnO nanostructures as it happened 
with the cerium dopant will introduce new energy levels 
between the conduction band and valence band. In this case 
though, due to the doping of the Cu2+ ions without causing any 
serious effect on the crystalline structure, these impurity states 
will be mostly, as reported in [23] by Farid Ul Islam et al., due 
to the Cu 3d orbital. This will permit the absorbance of visible-
light as a result.  
On the other hand, unlike cerium in the case of copper 
doping as reported in [24] the band gap is narrowed in the Cu-
doped ZnO nanostructures. This fact together with the 
introduction of the impurity states will enhance the 
photocatalytic activity of our catalyst. This is demonstrated 
either in [24] by Vaiano et al. or by Kanade et al. in [25]. In 
both studies, the photocatalytic activity is highly improved 
with just the adding of the Cu with no need for a co-dopant. 
But as in all dopant processes we have to have in mind that 
as we increase the cocatalyst concentration more impurities 
will appear. Therefore, there will be a point where the 
introduction of more cocatalyst will be counterproductive due 
to the high concentration of oxygen vacancies that can act as 
recombination centres of the electron-hole pairs. The optimum 
Cu-doped composition though may differ from different 
studies due to different experimental conditions which will 
cause an incongruity in these values. 
Finally, this improved photocatalytic activity should lead 
to an enhanced hydrogen rate production let us now see if this 
behaviour is satisfied. In the study made by Vaiano et al. [24] 
first of all it is worth noting that the hydrogen production 
obtained with undoped ZnO (153 μmol·h-1·g-1) was 
comparable to that obtained by photolysis alone                       
(148 μmol·h-1·g-1). This result reaffirms once again the 
necessity of doping in order to make our ZnO catalyst active 
under visible light irradiation. As we start adding the Cu 
cocatalyst its hydrogen production rate stars growing. But as 
we have said before once the optimum yield is achieved the 
hydrogen production will start decreasing due to the increase 
of recombination centres. In our case this optimum hydrogen 
production will be when we have a 1,08% Cu mol 
concentration that corresponds to a 1193 μmol·h-1·g-1 of 
hydrogen production. 
This great enhancement of the hydrogen production proves 
the copper usefulness for improving the photocatalytic activity 
of our ZnO catalyst. Thus, copper can be perceived as a great 
alternative to noble metals as a dopant agent due to its higher 
availability and less cost. 
C. Silver 
Finally, we would study the ZnO doped with silver (Ag) 
impurities. Silver is a noble metal and therefore lots of research 
as in [26] have been made due to its high photocatalytic 
activity.  
When loading the Ag cocatalyst into the ZnO the dopant 
element will substitute the Zn and therefore doping will lead 
to a decrease in the Zn occupancy. The introduction of Ag 
doping like in previous cocatalysts as revealed in [27] will 
decrease the particle size.  
Other similarity that we will have with other cocatalysts is 
the creation of imperfections in our ZnO lattice due to charge 
differences between Ag+ and Zn2+ ions [27]. As we well known 
this will lead to the creation of new mid-gap energy states. 
Even more, the Ag+ dopant will act as a trapping mechanism 
of conduction band electrons provoking the slowdown of the 
electron-hole pair recombination. As the Ag doping 
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concentration increases, more imperfections our catalysts will 
have. This produces as reported in [26] the appearance of even 
more mid-gap states which will induce a significant red-shift 
of the absorption edge and thus making our photocatalysts 
capable of absorbing visible light. In the same way than copper 
the Ag doping narrows the band gap [26] of the ZnO 
nanostructures which is notably reduced. This fact combined 
with all the previous ones greatly enhances the photocatalytic 
activity of the Ag-doped ZnO structures.   
The addition of Ag+ ions though has its limitations. The 
larger radius of Ag+ than Zn2+ makes the replacing of the Zn 
ions with our doping Ag+ agent not be an easy task. Therefore, 
as detailed in [27] at a certain point the aggregated Ag ion will 
not be incorporate into the ZnO lattice but will form separated 
particles and clusters at the ZnO grain boundaries. It’s been 
reported that when Ag doping exceeds an optimum value 
electron mobility of ZnO thin films decreases and hence the 
photocatalytic activity will also be reduced. Therefore, in order 
to make the photocatalytic process as efficient as possible we 
will have to find an equilibrium between the two process. This 
value though oscillates when looking in different investigation 
so we shouldn’t take it as a close case for example Georgekutty 
et al. [28] find 3 mol % as the optimum Ag dopant 
concentration but Ahmad et al. [26] reported 5 mol % 
concentration as the best one.  
To conclude the study of Ag doped ZnO we will see how 
the hydrogen production rate behaves. We will there again see 
if there is a correlation between an enhancement of the 
photocatalytic activity with the Ag cocatalyst concentration.  
Reported by Ahmad et al. in [29] the hydrogen production 
rate goes from 15 μmol h-1 g-1 for pure ZnO photocatalyst to 
constantly increase as we increment the Ag cocatalyst 
concentration. At 6% mol Ag concentration we will reach the 
best hydrogen evolution rate with 805 μmol h-1 g-1 produced. 
When this value is exceeded though the hydrogen production 
will begin to fall and at 8% mol we will have 713 μmol h-1 g-1 
of hydrogen rate production.  
We can then see that the Ag doping clearly improves the 
hydrogen production. Therefore, silver doping can noticeably 
improve the photocatalytic process and is an element that we 
have to have in mind when considering accelerating the 
hydrogen production rate of our photocatalytic process.    
IV. CONCLUSIONS 
The main goal of our work as has been mentioned before 
is study the photocatalytic properties of the ZnO photocatalyst 
as well as its usefulness for the hydrogen production. The main 
problem of ZnO though is its wide band gap which makes it 
unable to absorb light in the visible range. In order to solve that 
we have introduced different kinds of doping agents so the 
photocatalytic activity is improved and the hydrogen 
production is higher that with pure ZnO. The doping agents 
introduced has been Cerium (a rare earth element), Copper 
(transition metal) and Silver (a noble metal). As we have seen 
in [20], [24], [26] the introduction of these elements enhances 
the photocatalytic process and therefore the hydrogen 
production. In the case of cerium though as reported in [18], 
[20] we will have to introduce a second dopant in order to 
produce the photocatalytic activity improvement.  
All these results show us than either of these cocatalysts 
can be used in order to enhance the hydrogen production. As 
expected, Silver, a noble metal, is the one that produces the 
biggest change in the photocatalytic activity. The main 
problem though is its price what causes the need to continue 
researching alternative cocatalysts in order to make this 
process suitable for a large-scale hydrogen production.  
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